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Abstract In this study, we investigated the activities of
[3-1,3-glucanase and peroxidase enzymes in the leaves of
pepper cultivar A3 infected with the incompatible strain
PC and the compatible strain HX-9 of Phytophthora
capsici. The activities of (3-1,3-glucanase and peroxidase
enzymes substantially increased in the incompatible in-
teractions compared to the compatible interactions. We
also analysed the expression patterns of four defence-
related genes, including CABPR1, CABGLU, CAPOI1
and CaRGA, in the leaves and roots of pepper inoculat-
ed with different strains of P. capsici. All gene expression
levels were higher in the leaves than in the roots.
Markedly different expression patterns were observed
between incompatible and compatible host-pathogen in-
teractions. In the incompatible interactions, the expression
levels of CABPR1, CABGLU and CAPO1 genes in leaves
increased by a maximum of 17.2-, 13.2- and 20.5-fold at
24, 12 and 12 h, respectively, whereas the CaRGA1 gene
expression level increased to a lesser degree, 6.0-fold at
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24 h. However, in the compatible interactions, the expres-
sion levels of the four defence-related genes increased by
a maximum of 11.2-, 8.6-, 7.9- and 2.0-fold at 48, 24, 48
and 72 h, respectively. Compared to the leaves, the ex-
pression levels of the four defence-related genes were
much lower in the roots. The highest levels of mRNA
were those of the CABPR1 gene, which increased 5.1-fold
at 24 h in the incompatible and 3.2-fold at 48 h in the
compatible interactions. The other three genes exhibited
lower expression levels in the incompatible and compat-
ible interactions. These results further confirmed that
defence-related genes might be involved in the defence
response of pepper to P. capsici attack.

Keywords Phytophthora capsici - Defence-related
gene - Pathogenesis-related (PR) protein -
[3-1,3-glucanase - Peroxidase

Introduction

Phytophthora capsici is a soil-borne pathogen that
causes root rot, crown rot, foliar blight and fruit rot
in nearly all cultivars of Capsicum annuum (Alcantara
and Bosland 1994). Although P. capsici was originally
thought to be host-specific to pepper, it was recently
reported to interact with tomato, eggplant, cucurbits
(cucumber, melon, pumpkin and others) and lima
beans. The symptoms vary considerably according to
the host, areas of infection and environmental condi-
tions (Lamour et al. 2012). Recently, the incidence of
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P capsici has increased, leading to severe economic
losses in agricultural and horticultural crops (Ristaino
and Johnston 1999). To date, no useful control methods
have been developed, as chemical and biological con-
trols are ineffective in preventing the spread of P. capsici
to pepper plants (Oelke et al. 2003).

Plants have developed a range of defence mecha-
nisms against such attacks, including both the elabora-
tion of structural barriers and the induction of active
host-specific responses that provide resistance (Singh
et al. 2000). The active mechanisms imply the recogni-
tion of the pathogen by the host plant. Once the contact
has been established, active defences are activated, and
they consist of morphological barriers (cell wall thick-
ening), secondary metabolites (phytoalexins), and
defence-related proteins (Silvar et al. 2008). These de-
fences can include the induction and activation of genes
coding for enzymes of the phenylpropanoid pathway or
for pathogenesis-related (PR) proteins, which have been
implicated in active defence and play roles in restricting
pathogen development and spread within the plant (Van
Loon and Van Strien 1999). Defence-related enzymes
include chitinase, 3-1,3-glucanase and peroxidases, and
these enzyme activities are known to be induced in
many plants in response to infection with fungal patho-
gens and are also correlated with induced resistance
(Saikia et al. 2005; Govindappa et al. 2010). 3-1,3-
glucanases are grouped in the PR-2 family of
pathogenesis-related (PR) proteins. They also defend
plants against fungal pathogens either alone or in asso-
ciation with chitinases and other antifungal proteins
(Balasubramanian et al. 2012). Peroxidase is related to
the resistance against diseases in plant-pathogen inter-
actions. Peroxidase accumulates both in the extracellular
environment and in the cell wall in cell suspension
studies. This result might be related to lignin biosynthe-
sis, which forms a mechanical barrier against pathogen
infection (Egea et al. 2001). In a previous study, an
increase in peroxidase activity was associated with
CM334 resistance to P. capsici (Fernandez-Pavia
1997) compared to susceptible plants. In incompatible
plant-nematode interactions, peroxidases played a criti-
cal role in the generation of reactive oxygen species
(ROS) associated with the hypersensitive reaction
(HR) (Melillo et al. 2006). The change in plant metab-
olism is significantly different for susceptible and resis-
tant plants (Esra et al. 2011). Those studies concerned
with obtaining pepper varieties resistant to root rot have
highlighted the necessity of examining and comparing
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the metabolisms of varieties in which resistance to P
capsici is different (Silvar et al. 2008). Unfortunately,
the roles of many of the plant substances that play
important roles in the physiological and biochemical
mechanisms governing the defence against this disease
are not fully understood (Egea et al. 1996; Requena et al.
2005). Recent plant microarray data have confirmed that
the differences between susceptibility and resistance are
associated with differences in the timing and magnitude
of'the induced response (Marate et al. 2004; Huang et al.
2005; Yang et al. 2007). However, little is known about
the defence responses of the same host plant inoculated
with different strains of P. capsici.

In a previous study, we isolated a Capsicum
annuum blight resistance protein RGA1 from the
leaves of the pepper cultivar CM334 inoculated with
P capsici. This gene was cloned on the basis of the
conserved gene sequences of potato and was named
CaRGA1 (GenBank: GQ386945.1). The functional
role of the CaRGA1 gene in the defence response to
pathogens was analysed by virus-induced gene silenc-
ing (VIGS) and over-expression (genetic transforma-
tion) in pepper. In pepper plants, CaRGAl gene
expression was strongly induced by the defence-
related plant hormone methyl jasmonic acid. In addi-
tion, CaRGA1 gene expression was also strongly in-
duced by biotic and abiotic stress treatments, including
cold, high salinity and pathogen infection. A loss-of-
function of the CaRGA1 gene in virus-induced gene
silenced pepper plants led to an increased susceptibil-
ity to pathogen attack. In contrast, the over-expression
of CaRGALl in transgenic pepper plants conferred an
enhanced tolerance to high salt stress, while also en-
hancing the resistance to pathogen infection. Taken
together, these results provide evidence for the in-
volvement of CaRGA1 in plant defence responses to
pathogens and salt stress (data not shown). Along with
these results, the CaRGA1 gene and another three
reported defence-related genes were used to compare
the defence responses between pepper and different
strains of P. capsici.

In this study, the pepper cultivar A3 was used as the
host plant because it is susceptible to ph3 (HX-9
strain) but resistant to phl (PC strain) and thus pro-
vides the opportunity to investigate both compatible
and incompatible interactions in the same genetic
background. The aim of the present work was to
access the potential role of defence-related enzyme
activity (f3-1, 3-glucanase and peroxidase) in the
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defence response of pepper infected with incompatible
and compatible isolates of P. capsici. We also aimed to
examine the differences in expression of defence-related
genes (CABPR1, CABGIU, CAPO1 and CaRGA1) in
the leaves and roots of pepper plants infected with
compatible and incompatible isolates of P. capsici. Our
study will facilitate a better understanding of the plant
response to P capsici infection and will help develop
strategies to improve plant defences through genetic
engineering.

Materials and methods
Plant material and seedling culture conditions

The pepper cultivar A3 was used as host plant to
inoculate with P. capsici. Seeds of cultivar A3 were
supplied from Northwest A&F University (Yangling,
China) and soaked in warm water (55 °C) for approx-
imately 20 min to promote germination. The seeds
were rinsed twice every 24 h and then placed on moist
gauze in an incubator (28 °C, 60 % relative humidity
in darkness). When the seeds were at least 80 % ger-
minated, they were sown at a depth of 1.0 cm in 9-cm-
deep plastic pots filled with growth medium consisting
of grass charcoal and perlite at a ratio of 3:1. The
seedlings were grown in a growth chamber at 25 °C
with a 16 h light / 8 h dark photoperiod cycle until
they were used for pathogen inoculation at the six-
true-leaf stage.

Pathogen preparation and inoculation

The virulent strain HX-9 (ph3, compatible with A3)
and the avirulent strain PC (phl, incompatible with
A3) were isolated from blighted pepper plants collect-
ed from a field in China and identified as P. capsici, as
described by Zhang et al. (2009). The preparation of P
capsici inocula was previously described (Kim et al.
2008). The oomycete pathogen was grown on potato
dextrose agar (PDA) medium in the dark at 28 °C for
7 days. The mycelia were scraped and incubated under
fluorescent light for 2 days to promote sporangium
formation. Zoospores were prepared by sporulating
cultures with sterile distilled water and incubating at
4 °C for 1 h followed by 30 min at 28 °C to initiate
zoospore release. The zoospores were collected by
filtering through four layers of cheesecloth and

numbers estimated using a haemocytometer. The con-
centration of the zoospore suspension was adjusted to
1x10* zoospores / ml with sterile water.

Pepper plants at the six-true-leaf stage were used
for the P. capsici inoculation. The pots were saturated
with sterile distilled water 24 h prior to the inocula-
tion. The pepper plants were inoculated by adding
2.5 ml zoospore suspensions (1x10* zoospores / ml)
to the soil in each pot. Each pot had two pepper
seedlings. The inoculated pepper plants were kept in
a growth chamber at 28 °C, 60 % relative humidity
with a 16 h light / 8 h dark photoperiod cycle. The
P. capsici-infected pepper leaves and roots were col-
lected at 0, 6, 12, 24, 48, 72 and 96 h after inoculation
and stored at —80 °C for later use.

Determination of root activity

The root activity was measured by a modified triphe-
nyltetrazolium chloride (TTC) method from Ou et al.
(2011). The P. capsici-infected roots at different time
points after inoculation (including non-infected roots)
were washed with sterile water for 10 min before the
TTC tests. Their surfaces were dried carefully with
absorbent papers. A root tip (approximately 0.3 g) was
selected, placed in a small beaker and incubated with
10 ml 1:1 (v/v) mixture of 1 % TTC solution and 0.1M
phosphate buffer (pH7.0) at 37 °C for 1 h in the dark.
After this incubation, 2.0 ml 1 M sulphuric acid was to
added to inhibit the reaction. The root samples were
rinsed twice with distilled water and ground with
quartz sand in 3.0 ml ethyl acetate 2—3 times, in which
the extracts of TTF (a derivative of TTC from the
reduced reaction) were obtained and transferred to a
10-ml tube. The residue was rinsed with ethyl acetate.
The rinsed solution was mixed with the earlier extracts
and adjusted to a volume of 10 ml. The absorption of
the diluted extraction was measured with a spectro-
photometer at 485 nm. The control was similarly
performed except the sulphuric acid was added first,
the root sample second, and the mixture last. The
reduced TTC amount was obtained from the standard
curve and its intensity in the root tip was calculated as
follows: TTC reduction intensity [mgg 'h]=reduced
TTC amount / FWh (FW-fresh root mass; h-the incu-
bation time). Each treatment was conducted in three
independent experiments and each measurement was
repeated three times.
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[3-1,3-glucanase (EC 3.2.1.39) enzymatic activities
assay

The 3-1,3-glucanase activity was measured by a color-
imetric assay from Kauffmann et al. (1987) using lam-
inarin as a substrate. The samples were collected from
the third and fourth leaves at different time points after
inoculation with P. capsici and stored at —80 °C. The
lyophilised leaf powder (approximately 1.0 g) was
ground in a mortar and homogenised with 5.0 ml pre-
chilled extraction buffer (0.1 M sodium acetate buffer,
pHS5.2). The homogenate was centrifuged at 12,000 rpm
for 25 min. The supernatant fraction was used as a crude
extract for the enzyme activity assays. All procedures
were carried out at 4 °C. The substrate buffer was 0.1 M
sodium acetate buffer (pH5.2) containing laminarin
(1.0 mg / ml buffer). The reaction mixture contained
0.9 ml substrate buffer and 0.1 ml enzyme solution (leaf
extract). The reaction tubes were incubated at 37 °C for
1 h and measured with a spectrophotometer at 540 nm.
The resulting reducing sugars were measured using the
method of Nelson (1994). 3-1,3-glucanase activities
were expressed as pumol glucose equivalents released /
g fresh weight tissue /1 h. Each treatment was conducted
in three independent experiments and each measure-
ment was repeated three times.

Peroxidase (EC 1.11.1.7) enzymatic activity assay

The activity of peroxidase (PX) was quantified using
the technique of Beffa et al. (1990). The samples
were collected from the third and fourth leaves at
different time points after inoculation with P. capsici
and stored at —80 °C. The lyophilised leaf powder
(approximately 1.0 g) was ground in a mortar and
homogenised with 5.0 ml pre-chilled extraction buff-
er (0.1 M potassium phosphate buffer (pH7.5),
1 mM EDTA, and 4 % polyvinylpyrrolidone). The
homogenate was centrifuged at 12,000 rpm for
25 min. The supernatant fraction was used as a
crude extract for the enzyme activity assays. All
procedures were carried out at 4 °C. The reaction mix-
tures contained 25 pl 50 mM H,O,, 5 ul 250 mM
guaiacol, 195 pl 12.5 mM 3,3-dimethylglutaric acid
(3,3-DGA)-NaOH (pH6.0) and 25 pl enzyme extract.
The optical density was recorded at 470 nm. The
amount of enzyme required for the formation of
1 pumol tetraguaiacol / min at room temperature was
defined as 1 unit (U) of PX activity. Each treatment
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was conducted in three independent experiments and
each measurement was repeated three times.

RNA extraction and real-time PCR for defence-related
gene expression analysis

The total RNA was isolated from the pepper leaves at
different time points after pathogen inoculation. The
RNA was extracted using the TRIZOL (Invitrogen,
USA) RNA Kit according to the manufacturer’s in-
structions. The concentration of the total RNA was
measured spectrophotometrically using a NanoDrop
instrument (Thermo Scientific NanoDrop 2000C
Technologies, Wilmington, USA), and the purity was
assessed using the A260/280 and A260/230 ratios
provided by NanoDrop. For quantitative real-time
RT-PCR analysis, first strand cDNA was synthesised
from 500 ng total RNA using a PrimeScript'™ Kit
(TaKaRa, Bio Inc, China) following the manufac-
turer’s protocols. Quantitative real-time RT-PCR was
performed with an iCycler iQ™ Multicolor PCR
Detection System (Bio-Rad, Hercules, USA) and car-
ried out using SYBR® Premix Ex Taq™ II (TaKaRa,
Bio Inc, China). The quantitative real-time RT-PCR
analysis was performed on a 20 pl mixture containing
10.0 ul SYBR® Premix Ex Taq™ II, 2.0 ul diluted
cDNA, and 0.8 pl forward and reverse primers. The
quantitative real-time RT-PCR cycling conditions
were as follows: 95 °C for 1 min and 45 cycles of
95 °C for 10 s, 52 °C for 30 s, and 72 °C for 30 s. The
suitable annealing temperature is 52 °C, which was
tested by PCR with the primer pairs of the other PR
genes. The primers for real-time RT-PCR are shown in
Table 1. As a reference gene, the expression of the
pepper ubiquitin-conjugating protein CaUbi3 gene
was used (Wan et al. 2011). The expression levels
were reported as the mean values with standard errors.
The entire experiment was repeated three times. Each
real-time RT-PCR measurement was performed in
three replicates.

Statistical analysis

The data presented are the means + standard deviation
measures for three replicates. The data from replicates
of the same experiment were pooled together for a
single ANOVA and differences between means of
treatments were determined using the least significant
difference (LSD). The statistical procedures were
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performed using Statistical Analysis System software
(SAS Institute, version 8.2). The differences with
P=<0.05 were considered significant.

Results

Root activity in the roots of pepper cultivar A3
after inoculation with incompatible and compatible
strains of P. capsici

The disease symptoms were observed in the pepper
cultivar A3 after inoculation with incompatible strain
PC and compatible strain HX-9 of P. capsici at the six-
true-leaf stage (Fig. la). The results indicate that the
disease symptoms occurred in the compatible interac-
tion but not in the incompatible interaction within 96 h
of inoculation. To confirm the symptoms of disease, a
2,3,5-triphenyltetrazolium chloride (TTC) assay of a
cell vitality was performed (Chen et al. 2006). The
activities of the roots inoculated with different strains
of P. capsici are shown in Fig. 1b. The activities of
roots at different time points changed clearly between
the incompatible and compatible interactions with P,
capsici. The differences in the root activity were mon-
itored at 6 h after inoculation both in the incompatible
and compatible interactions (Fig. 1c). A significant
difference was found from 12 to 96 h after pathogen
inoculation, showing 2-3 times the activity in the
incompatible than in the compatible interactions with
P. capsici. By analysis of the root activity in two
interactions, we concluded that there was a difference
in the same host infected with different strains of
P, capsici.

[3-1,3-glucanase activities in the leaves of pepper
cultivar A3 after inoculation with incompatible
and compatible strains of P. capsici

The 3-1,3-glucanase activities were measured in the
leaf extracts from plants inoculated with the incom-
patible strain PC and the compatible strain HX-9 of P.
capsici (Fig. 2). The activity of 3-1,3-glucanase in-
creased significantly with increasing time after
P capsici infection compared to the control plants.
As increase in the {3-1,3-glucanase activity was
detected at 6 h after pathogen inoculation with the
maximum increase recorded at 12 h after pathogen
inoculation in the incompatible interaction; however,

there was a gradual increase in the induction of 3-1,3-
glucanase, reaching a peak at 24 h following injection
in the compatible interaction. The accumulation of the
[3-1,3-glucanase activity was much higher in the
incompatible interaction than the compatible inter-
action at different time points after inoculation
with P. capsici.

Peroxidase activities in the leaves of pepper cultivar
A3 after inoculation with incompatible and compatible
strains of P. capsici

The activities of peroxidase in the leaves of pepper
cultivar A3 after inoculation with incompatible and
compatible strains of P. capsici are shown in Fig. 3.
There were significant differences in the peroxidase
activity between the two interactions, especially in the
incompatible interaction with P. capsici inoculation.
The peroxidase activity increased greatly from 6 to
72 h after inoculation and the maximum increase was
recorded at 12 h after inoculation with the PC strain of
P capsici. In comparison the highest activity of per-
oxidase occurred late at 48 h in the compatible inter-
action with the HX-9 strain. Moreover, the increase in
the compatible interaction with the HX-9 strain was
much lower than in the incompatible interaction at the
same time points in our study.

Expression of defence-related genes in the leaves
and roots from pepper cultivar A3 after inoculation
with incompatible and compatible strains of P. capsici

To evaluate whether there is a correlation between the
host plant and the strain of P. capsici, the expression
patterns of some defence-related genes that may take
part in defence responses was analysed by real-time
PCR. The expression patterns of four defence-related
genes encoding for the PR-1 protein (CABPR1), [3-
1,3-glucanase (CABGLU) and peroxidase (CAPO1),
as well as CaRGA1, were examined in the leaves and
roots inoculated with the incompatible and compatible
strains of P. capsici. All the defence-related genes
were up-regulated but presented differences in the
expression patterns (Fig. 4).

The expression levels of CABPR1 were much
higher in leaves than in the roots (Fig. 4a). The up-
regulated expression was observed at 6 h after inocu-
lation between in the leaves and roots. In the leaves,
CABPR]1 gene expression increased greatly from 6 to
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Table 1 Real-time PCR primers used for analysis of defense-related genes expression

Gene Accession Reference Primer Sequence (5'-3')

CaUbi3 AY486137.1 Wan et al. 2011 qCaUbi3-F TGTCCATCTGCTCTCTGTTG
qCaUbi3-R CACCCCAAGCACAATAAGAC

CABPR1 AF053343.2 Gayoso et al. 2007 qCABPRI1-F GTTGTGCTAGGGTTCGGTGT
qCABPRI1-R CAAGCAATTATTTAAACGATCCA

CABGLU AF227953.1 Silvar et al. 2008 qCABGLU-F ACAGGCACATCTTCACTTACC
qCABGLU-R CGAGCAAAGGCGAATTTATCC

CAPO1 AF442386.1 Fung et al. 2004 qCAPO1-F GGCGCCAGGATTGCTGACAA
qCAPO1-R GTGGACATAATCCTCGAAGC

CaRGAl GQ386945.1 This study qCaRGA1-F ATGAGAAGGGAATAGGACGAG
qCaRGA1-R ACATCCAATGGCAGGAAACT

F: forward primer

R: reverse primer

24 h and recorded a peak 17.2-fold at 24 h in the
incompatible interaction, whereas the highest level of
CaPR1 gene expression was comparatively less, 11.2-
fold at 48 h in the compatible interaction. CABPRI
gene expression then gradually declined from 48 to
96 h after inoculation. In addition, the levels of
CABPR1 gene expression were much lower in the
roots at the same time points. The maximum levels
of the transcripts were 5.1-fold in the incompatible
interaction and 3.2-fold in the compatible interaction.

The differences in CABGLU gene expression in the
different interactions with P. capsici were clear
(Fig. 4b). In the incompatible interaction, an accumu-
lation of CABGLU mRNA was detected 6 h after
inoculation and remained at the highest level of 13.2-
fold at 12 h in the leaves. In the compatible interac-
tion, the accumulation of CABGLU mRNA was much
lower than in the incompatible interaction. The highest
transcript level was detected in the compatible re-
sponse 8.6-fold at 24 h in the leaves; however, the
mRNA levels gradually declined from 24 to 96 h after
inoculation. With regards to the roots, the levels of
CABGLU gene expression were lower than in the
leaves. In particular, the accumulation of CABGLU
mRNA drastically increased at 12 h in the infected
roots after inoculation with the avirulent strain, up to
3.1-fold compared to the basal expression levels. The
CABGLU gene expression levels gradually decreased
from 12 to 48 h, while they presented an increase 72 h
after inoculation. In the compatible interaction, the
level of CABGLU gene expression was slightly de-
creased at 6 h, continued to rise thereafter, and
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retained a peak of 2.0-fold at 24 h after inoculation
with the virulent strain. From 24 to 96 h, the expres-
sion of CABGLU was decreased.

The expression levels of CAPO1 varied markedly in
the leaves inoculated with incompatible and compatible
strains of P. capsici (Fig. 4c). In the incompatible inter-
action, an up-regulation was observed 6 h after inocula-
tion. At this time point, there was a slight increase in
the compatible interaction. The levels of CAPO!1 gene
expression were the highest, 20.5-fold at 12 h and
7.9-fold at 48 h, in the incompatible and compatible
interactions, respectively. From 48 to 96 h, CAPO1
gene expression greatly decreased in the compatible
interaction. However, there was a slight increase at
48 h among the gradual decline from 12 to 96 h after
inoculation with the avirulent strain. Compared to the
leaves, the levels of CAPOl gene expression were
relatively lower in the roots. The highest transcript
level of 1.3-fold was observed in the compatible inter-
action at 48 h, which was slightly lower than 2.0-fold at
24 h after inoculation in the incompatible interaction.
From 48 to 96 h after inoculation, the levels of CAPO1
gene expression decreased. In the incompatible interac-
tions, the up-regulated expression was detected at 6 h
and reached to a peak (2.0-fold) at 24 h after inoculation,
after which the levels of CAPO1 gene expression grad-
ually decreased.

We also investigated the expression pattern of the
resistance-related gene CaRGA1, which can be in-
duced by P. capsici inoculation (Fig. 4d). Unlike the
other three defence-related genes, the expression
levels of CaRGA1 were strikingly lower in the leaves.
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Fig. 1 Phenotype in roots
of pepper cultivar A3 after
inoculation with incompati-

Time after Phytophthora capsici inoculation (h)

ble and compatible strains of 0 6
P. capsici. (a) Disease (a)
symptoms in pepper cultivar
A3 after inoculation with
incompatible and compati-
ble strains of P. capsici; (b)
Phenotype in roots of pepper
cultivar A3 after inoculation
with incompatible and com-
patible strains of P. capsici;
(c¢) Time courses of root ac-
tivity in roots of pepper cul-
tivar A3 after inoculation
with incompatible and com-
patible strains of P. capsici.
Values are the means +
standard deviation from
three independent experi-
ments. Means followed by
bars denoted with different
letters are significantly dif-
ferent at P<0.05, according
to the least significant dif-
ference (LSD) test. Capital
letters correspond to the
comparison between incom-
patible and compatible in-
teraction of P. capsici at the
same time point. Small let-
ters represent differences in
the times of P. capsici inoc-
ulation in the same strain
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In addition, there were no obvious differences in the
accumulation of CaRGA1 mRNA between the leaves
and roots. In the leaves, CaRGA1l mRNA began to
accumulate at 12 h and reached a peak of 6.0-fold at
24 h after inoculation in the incompatible interaction.
However, the compatible interaction exhibited a lower
of accumulation of the CaRGA1 mRNA than that of
the incompatible interaction, and the highest

expression level of 2.0-fold occurred at 72 h after
inoculation. In the roots, CaRGAl gene transcript
level gradually increased from 24 to 96 h and peaked
(1.9-fold) at 48 h in the incompatible interaction.
However, the induction of CaRGA1 gene expression
began at 48 h and the highest accumulation level of
1.3-fold recorded at 72 h after inoculation with the
compatible strain HX-9 of P. capsici.
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Fig. 2 Time courses of (3-1,3-glucanase activities in leaves of
pepper cultivar A3 after inoculation with incompatible and
compatible strains of P. capsici. Values are the means + standard
deviation from three independent experiments. Means followed
by bars denoted with different Jetters are significantly different

Discussion

Plants are able to defend themselves against pathogens
through the so-called “biochemical” defences, which
normally include secondary metabolites (phytoanticipins
and phytoalexins) and defence proteins. (Huang and
Knopp 1998; Mithdfer et al. 2004). In the present study,
we tested whether a different defence response was in-
duced by inoculation with different strains of P. capsici in
the same genetic background (pepper cultivar A3).
Defence-related enzymes (3-1,3-glucanase and peroxi-
dase) and four genes involved in plant defence were used
markers to test the defence response of pepper to P,
capsici infection. A huge number of comparisons were

16.0
14.0
12.0
10.0

Peroxidase activity
(umol g'! min FW)

at P<0.05, according to the least significant difference (LSD)
test. Capital letters correspond to the comparison between in-
compatible and compatible interactions of P. capsici at the same
time point. Small letters represent differences in the times of P,
capsici inoculation in the same strain

performed between the compatible and incompatible in-
teractions with P. capsici. The results showed that there
are differences between the compatible and incompatible
interactions between pepper plants and P. capsici.
Defence-related enzymes include chitinase, (3-1,3-
glucanase and peroxidase, and the activities of these en-
zymes are known to be induced in many plants (Kook
Hwang et al. 1997; Saikia et al. 2005; Govindappa et al.
2010; Chmielowska et al. 2010; Kog and Ustiin 2012;
Abd EI-Rahman et al. 2012). The root activity was mea-
sured and used as a cell vitality indicator using the 2,3,5-
triphenyltetrazolium chloride (TTC) method (Chen et al.
2006). The results from our research indicated that there is
a difference between the incompatible and compatible

incompatible [0 compatible |

Time after Phytophthora capsici inoculation (h)

Fig. 3 Time courses of peroxidase activities in leaves of pepper
cultivar A3 after inoculation with incompatible and compatible
strains of P. capsici. Values are the means =+ standard deviation
from three independent experiments. Means followed by bars
denoted with different letfers are significantly different at P<
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0.05, according to the least significant difference (LSD) test.
Capital letters correspond to the comparison between incom-
patible and compatible interactions of P. capsici at the same time
point. Small letters represent differences in the times of P
capsici inoculation in the same strain
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lation (h)
being 3.3 greater times

]

hora capsici i

(b) CABGLU; (¢) CAPO1 and (d)

Ph

Time after

(a) CABPRI;
CaRGAL. Error bars presented means + standard deviation from

three replicates
in the incompatible than in the compatible interactions

(Fig. 1c). Yeom et al. (2011) reported that differences in

observed 12 h after inoculation.

capsici.

lation (h)

hora capsici i

Ph

Time after
Fig. 4 Relative expression of defence-related genes in the

leaves (left) and roots (right) from pepper cultivar A3 after
interactions. The root activity was much higher in the

incompatible than in the compatible strains of P. capsici.

inoculation with incompatible and compatible strains of P.
The most evident difference in the root activity was
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the root activity were significant from 24 to 48 hpi in
CM334 and in Chilsungcho. This difference could be due
to the use of different isolates, the cultivars used, or
environmental conditions. The resistance to P.
capsici in C. annuum is genetically and physiolog-
ically complex (Quirin et al. 2005).

[3-1,3-glucanases enzymes are believed to play key
roles in combating fungal pathogens (Mauch et al.
1988). It has been proposed that they can act in at
least two ways, one of which is directly offering some
protection against pathogens through their capacity to
hydrolyse the cell walls of fungal pathogens. The
proposed hydrolysing role is supported by in vitro
experiments in which the erosion of fungal walls
caused by a combination of 3-1,3-glucanases leads
to the lysis of the hyphal tip and the inhibition of the
growth of different fungi (Mauch et al. 1988). The
other method is more indirect, by promoting the re-
lease of cell wall-derived materials that can elicit an
active defence reaction (Boller 1993). The [3-1,3-
glucanase activity increased more rapidly in resistant
melon cultivars than in susceptible cultivars following
inoculation with cucurbit powdery mildew fungus
(Rivera et al. 2002). Higher levels of glucanase activ-
ity have been reported in the Phytophthora-infected
tissues of a tolerant variety of black pepper compared
to two susceptible varieties (Jebakumar et al. 2001).
The activity of 3-1,3-glucanase increased significantly
with increasing time after P. capsici infection com-
pared to the control plants in our study (Fig. 2). It is
in accordance with the results of Kim and Hwang
(1994) and supports the hypothesis that this enzyme
may be involved in the reaction against oomycete
infection. Kim & Hwang concluded that the accumu-
lation of (3-1,3-glucanase was more pronounced in the
incompatible pepper-P. capsici interaction, suggesting
that (3-1,3-glucanase may play a role in the expression
of the effective resistance of pepper to invasion by P.
capsici. We found that 3-1,3-glucanase activity at 12 h
after pathogen inoculation in the incompatible interac-
tion, compared to at 24 h following inoculation in the
compatible interaction (Fig. 2). However, other au-
thors have not confirmed differences in the compatible
and incompatible plant-pathogen reactions (Ahl Goy
et al. 1992). These contrasting results may be due to
differences in the type of tissue analysed, the method
used to inoculate the pathogen, and the time span
between the inoculation of P. capsici and the determi-
nation of enzymatic activities.
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Peroxidase activity is related to the resistance
against disease in plant-pathogen interactions (Ye et
al. 1990; Graham and Graham 1991). The resistance to
P. capsici in some genotypes of C. annuum has been
associated with an increase in peroxidase activity
(Fernandez-Pavia 1997; Egea et al. 2001; Gayoso et
al. 2004; Kog and Ustiin 2012). For example, in cul-
tivar Smith-5, which is resistant to P. capsici, the
increment in peroxidase activity was related to cell
wall thickening by lignin accumulation at 24 h after
oomycete inoculation (Egea et al. 2001). Such a rela-
tionship could be due to the fact that peroxidases
catalyse the last step of lignin biosynthesis by
polymerising hydroxyl and methoxycinnamic alcohols
(Boudet 2000). The increases in the peroxidase activ-
ity in the plant pathogen-interaction could be a conse-
quence of an increase in the expression of the PX
genes encoding it (Williamson and Hussey 1996;
Vercauteren et al. 2001; Gheysen and Fenoll 2002).
The earliest response in the leaves was generated 6 h
after inoculation in our study, whereas the highest
level of peroxidase activity was observed at 12 and
48 h after infection with incompatible and compatible
stains of P. capsici, respectively (Fig. 3). A gradual
increase in the time of the enzymatic activity of per-
oxidase in the infected leaves may account for the
involvement of this enzyme in the defence mecha-
nism. This enzyme generates a toxic environment
and inhibits the pathogen from growing towards inner
cells (Melo et al. 2006). The increase in peroxidase
activity in pepper is considered to be a general reaction
required in phenylpropanoid pathways. The stimula-
tion of phenylpropanoid pathways, depending on the
pathogen infection and hence the synthesis of antiox-
idant compounds and phenolics, is one of the most
characteristic properties of this hypersensitive re-
sponse (Gholizadeh et al. 2004).

Plants exhibit a variety of responses during patho-
gens infection or abiotic stresses, many of which in-
volve the activation of host pathogenesis-related
proteins (Taheri and Tarighi 2012). PR proteins are
considered to be stress proteins directed to increase the
harmful effects of cellular degradation products on the
invading pathogen and prevent further ingress
(Mérillon et al. 2012). It is well known that plants
respond to attacks by pathogenic fungi by inducing
the expression of the genes encoding PR proteins such
as PR-1, (3-1,3-glucanase, and peroxidase (Conrath et
al. 2001). PR proteins are constitutively expressed in
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plants at low levels, but the expression of most PR
proteins is turned on in response to pathogen attack.
The induction of PR proteins is a consequence of the
activation of plant defensive pathways, which limit the
entry or further spread of the pathogen (Baker et al.
1997; Conrath et al. 2002).

However, despite efforts to understand the basis of
the compatibility between pepper species and P. capsici,
the mechanisms by which this pathogen blocks the
defence response are not clear (Nufiez-Pastrana et al.
2011). Real-time RT-PCR evaluation of the expression
levels of the defence-related genes CABPR1, CABGLU,
CAPO1 and CaRGA1 was performed to analysis the
nature of the defence response of pepper cultivar A3
inoculated with different strains of P. capsici in our
study. Defence-related genes can be activated in both
resistant and susceptible plants in response to pathogen
attack. However, they often are expressed more rapidly
and to a greater extent in incompatible interactions in
which a resistant plant is challenged with an avirulent
pathogen (Dong et al. 1991). In order to better under-
stand the defence responses to pathogen attack, PR pro-
teins were chosen as positive markers for P. capsici
infection (Silvar et al. 2008). The results demonstrated
that the expression levels of defence-related genes were
much higher in the leaves than in the roots (Fig. 4). This
result is in accordance with Silvar et al. (2008), who
reported that the highest mRNA levels were found in the
leaves, followed by the stems and roots.

In the case of the PR1 protein, several biological
functions have been proposed, but its precise role is
still unknown. However, increasing evidence impli-
cates the PR-1 protein in the resistance to fungal and
oomycete infection. PR-1 proteins may be involved in
cell wall thickening and may offer resistance to the
spread of the pathogen in the apoplast (Eyal et al.
1992; Chmielowska et al. 2010). Our results revealed
that CABPR1 gene expression was up-regulated in the
compatible and incompatible interactions (Fig.4a).
This result is in agreement with that of Lee et al.
(2000), who reported that the accumulation of
CABPR] transcripts was greater and more rapid in an
incompatible interaction of pepper with P. capsici. The
over-expression of CABPR]1 in plants other than pep-
per, such as tomato, tobacco or Arabidopsis, confers
protection against different pathogens (Sarowar et al.
2005, 2006; Hong and Hwang 2005). These results
and the findings presented here suggest a role for the
basic PR-1 protein in restricting pathogen attack.

[3-1,3-glucanase proteins are considered to be part
of the defence response of plants to fungal pathogens,
presumably by inhibiting growth through their hydro-
lytic capacity (Mauch et al. 1988). They may act in at
least two different ways: directly by degrading the cell
walls of the pathogen or indirectly by aiding in the
generation of signal molecules that may function as
elicitors of further defence mechanisms (Van Loon et
al. 2006). Mauch et al. (1988) reported that 3-1,3-
glucanase activity was similarly induced by both vir-
ulent and avirulent strains of P. capsici, which was
inconsistent with our statement. Additionally, some
researchers have reported that the level and onset of
[3-glucanase expression is often positively correlated
with the degree of resistance to the pathogen. Rivera et
al. (2002) demonstrated that 3-glucanase activity in-
creased more rapidly in resistant melon cultivars than
in susceptible cultivars following inoculation with cu-
curbit powdery mildew fungus. Similar results have
been reported by Egea et al. (1999), who studied [3-
glucanase expression in resistant and susceptible pep-
per cultivars infected with Phytophthora capsici L.
Our results corroborate these findings: 12 h after in-
oculation, there was a clear increase in the transcripts
of CABGLU in the roots, and this induction was much
higher in the incompatible than in the compatible in-
teractions with P. capsici. These results indicated that
[3-glucanase may be involved in pathogenesis and the
response to disease resistance.

Peroxidases, grouped in the PR9 family, are acti-
vated in response to pathogen attacks, and are espe-
cially related to resistance (Passardi et al. 2005). They
can produce massive amounts of reactive oxygen spe-
cies (oxidative burst) that are involved in plant cell
signalling and also create a highly toxic environment
for pathogens (Chmielowska et al. 2010). Do et al.
(2003) demonstrated that the CAPO1 gene is more
strongly induced in plants inoculated with an avirulent
isolate than in those inoculated with virulent P.
capsici. These conclusions were in consistent with
our finding in this study. The reason for this phenom-
enon may be related to ROS-associated defence re-
sponses because peroxidases are closely correlated
with H,O, accumulation during the hypersensitive
response in resistant cultivars (Do et al. 2003). Silvar
et al. (2008) verified the hypothesis that C4PO1 plays
an important role in the oxidative burst that occurs in
the early resistance response to pathogen attack. A
similar outcome has been presented in our work,
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where the expression level of CAPO1 was evident at 6 h
after inoculation in the incompatible interaction, com-
pared to a slight increase in the compatible interaction.
Moreover, CAPO1 encodes for a basic peroxidase, and
basic peroxidases have recently been related to the lig-
nification process (Barcel6 et al. 2004). Chmielowska et
al. (2010) have reported that C4PO1 gene expression in
pepper stems treated with copper may be related to
participation of this gene in the formation of defensive
barriers. However, this relationship is a hypothesis and
requires further research to confirm.

Although a large number of plant defence-related
genes have been cloned, there has been very limited
research on the expression levels of these genes in the
host-pathogen interactions with different strains of P,
capsici (Kramer et al. 2009). The Capsicum annuum
blight resistance protein gene CaRGA1 was cloned from
the leaves of pepper cultivar CM334 inoculated with P,
capsica by using a homology-based approach in combi-
nation with thermal asymmetric interlaced (TAIL)-PCR
and rapid amplification of cDNA ends (RACE). The
gene is cloned on the basis of the conserved sequence
of the potato (Solanum bulbocastanum L.) blight resis-
tance protein RPI gene (AY426259) has been designated
CaRGA1 (GenBank: GQ386945.1). The expression pat-
terns of CaRGA1 under biotic and abiotic stresses were
analysed by quantitative RT-PCR in the pepper cultivar
CM334. The results from a previous study indicated that
CaRGA]l is involved in the response to abiotic stresses
and disease resistance (unpublished results). In this stud-
y, we analysed the expression pattern of CaRGA1 in the
leaves and roots inoculated with different strains of P,
capsici (Fig. 4d). There expression levels of CaRGA1 in
the roots were lower from in the early stage of pathogen
infection (6 to 24 h) but significantly increased in the
later stage (48 to 96 h). The results suggested that
CaRGA1 gene expression began later and was lower
compared to the other three defence-related genes.
Some research has indicated that the expression of some
resistance genes can also be influenced by the host
genetic background (Cao et al. 2007) and by other envi-
ronmental factors that may be favourable to pathogen
infection (Wang et al. 2001). These differences may be
due to the diversity of gene expression and require
further investigation in future studies.

In summary, the findings in our study contribute to a
better understanding of the correlation between the host
plant and pathogen. The defence-related enzymes of [3-
1,3-glucanase and peroxidase exhibited higher activities

@ Springer

in incompatible than in the compatible interactions with
different strains of P. capsici. In addition, we further
verified by real-time RT-RCR that the expression of the
defence-related genes CABPR1, CABGLU, CAPOL1 and
CaRGA1 were much higher in incompatible than in
compatible interactions in the same background.
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